The effect of the time step of calibration data on the performance of a hydrological model is examined through a numerical experiment where HYMOD, a rainfall-runoff model, is calibrated with data of varying temporal resolution. A simple scaling relationship between the parameters of the model and modelling time step is derived which enables information from daily hydrological records to be used in modelling at time steps much shorter than daily. Model parameters were found to respond differently depending upon the degree of aggregation of calibration data. A loss in performance, especially in terms of the Nash-Sutcliffe measure, is evident when behavioural simulators derived with one modelling time step are used for simulation at another time step. The loss in performance is greater when parameters derived from a longer time step were used for simulating flow with a shorter time step. The application of a simple scaling relationship derived from a multi-time step model calibration significantly decreased the loss in model performance. Such an approach may offer the prospect of conducting higher temporal resolution flood frequency analysis when finer scale data for model calibration are not available or limited.
INTRODUCTION
Conceptual hydrological models are widely used for informing the practical management of water resources. Such uses range from real time flood forecasting to the simulation of future climate change impacts (Bastola et al. ) . In applying models the appropriate simulation time step should reflect the timing and scale of key processes of interest.
The aggregation of model input in time affects the ability of a model to capture small-scale processes, thereby affecting the identifiability of related model parameters. Poor identifiability has notable implications for prediction uncertainty, understanding hydrological processes and in extending the use of hydrological models as a tool for prediction in ungauged basins.
As a key input, the temporal and spatial pattern of rainfall plays an important role in determining the hydrological response of river basins. Therefore, the influence of these rainfall characteristics in simulating hydrological response has been widely investigated (e.g., Krajewski et Runoff scaling experiments conducted by Finnerty et al. () show that the output from a lumped hydrological model was sensitive to the spatial and temporal averaging of rainfall inputs. They also presented a preliminary approach for adjusting model parameters to account for spatial and temporal variation in rainfall input. Krajewski has explored the time scale dependencies of hydrological model parameters. These studies show that the parameters describing different components of runoff response, their identifiability and derived values, depend upon the temporal sampling of the calibration data.
In particular, the parameters describing slow flow processes reveal a low sensitivity, usually remaining constant over the range of temporal scales, while parameters describing quick flow components showed high sensitivity and dependence on time resolution. Littlewood & Croke () show that the calibrated parameters of a unit hydrograph-based model change substantially over a range of time steps from 1 to 24 hours used in calibration and highlight the importance of accounting for model parameterdata time step dependencies in pursuit of a reduction in the uncertainty of simulations. The authors also suggest that further work along these lines be undertaken using different catchments and models. They concluded that fixed-step explicit time stepping, which is usually adopted in conceptual hydrological models, can create susbtantial time scale trend in the model results. Clark & Kavetski () show that, over vast regions of the parameter space, the numerical errors of fixed-step explicit schemes commonly used in hydrology routinely dwarf the structural errors of the model conceptualization.
In the present context where rapid developments in computational processing have allowed the possibility of the estimation of flood frequency characteristics by continuous simulation, a hydrological simulation using shorter time steps is desirable as such simulations could provide better performance in short-term river discharge estimation (e.g., Wang et al. ) . However, rainfall and runoff data with high temporal resolution are usually not available as desired.
Therefore, rainfall-runoff models are commonly calibrated at coarser time scales (e.g., daily). Subsequently, parameters are then used in conjunction with finer scale input data observed or generated from stochastic rainfall generators to produce simulations with a sub-daily time step (e.g., Blazkova & Beven ; Cameron et al. ) .
In this study, we revisit the issue of temporal sampling in hydrological modelling. It is worth noting that issues related to the numerical implementation of hydrological models is not dealt with explicitly here. The conceptual model is solved using fixed-step explicit time stepping. Here we focus on deriving functional relationships between the parameters of the conceptual hydrological model HYMOD and the temporal resolution of the calibration data, so that more realistic modelling of hydrological processes can be conducted at sub-daily time steps where data availability does not allow calibration at time steps shorter than daily.
METHODS
In order to investigate the effect of temporal sampling of data on model performance and the value of derived model parameters, a numerical experiment is devised where a rainfall-runoff model is calibrated using varying resolutions of rainfall and runoff data. Subsequently, different parameter sets or 'simulators' are identified for each resolution using the generalized likelihood uncertainty estimation (GLUE) method. A functional relationship between model parameters and the data resolution is derived which is then evaluated using a period and catchment other than that used for calibration.
Study area, model and data
The method is applied to two study catchments located within the Republic of Ireland: the river Moy at Rahans (1)).
where F(.) is a water storage capacity distribution function, 
Parameter scaling
The application of the model with coarse scale input data (e.g., daily) for modelling hydrological response at shorter time steps (e.g., sub-daily) can be achieved by suitably Defining a relationship between model parameters and the temporal scale is the simplest way to make an adjustment.
Here we use the equation: the flow was transformed explicitly before evaluating the objective function by using Equation (3):
where λ is the transformation parameter, selected to be 0.3, z is the transformed streamflow, and y is observed streamflow.
It is referred to as HMLE (Heteroscedastic Maximum Likelihood Estimator) hereafter. For the simultaneous estimation of the model parameter and scaling relationship, a multiobjective multi-timestep calibration method is used. Multitime step calibration attempts to calibrate the model for all time steps simultaneously while concurrently attempting to achieve the best possible scaling relationship (Equation (2)) between model parameters and model time step. In this method, first the approximate functional relationship between MPs (θ) and modelling time step (T) is assumed a priori (e.g., Equation (2)). Subsequently, the parameters of the functional relationship (i.e., α) are calibrated such that the average of the model performance for all time steps considered for multi-time calibration is maximized. The Paretobased multi-objective approach was adopted (considering various objective criteria as mentioned above) for the calibration. In the context of multi-objective calibration, the optimization problem for the calibration of a multi-step model can be stated as follows:
where θ is the vector of model parameters, n is the number of parameters of the hydrological model, n is the number of temporal resolutions used for calibration (e.g., four, i.e., 3-hourly, 6-hourly, 12-hourly and 24-hourly), q is the number of objective functions (eight objective functions are used in this study), and f p,i (θ) is the model performances for the ith resolution measured with respect to objective criteria.
To calibrate the regional relationship between MPs and time step, we employ a non-dominating sorting genetic 
RESULTS

Sensitivity of model parameters
The sensitivity of model parameters is tested using regional sensitivity analysis (RSA). RSA is a widely used global sensitivity method that utilizes the results of This index for the 3-hourly and daily time steps is shown in Figure 3 . The three parameters mentioned above showed higher sensitivity. Additionally, the sensitiviy of these parameters increased when the calibration time step is decreased from daily to 3-hourly.
Data resolution and model performance
The models (or basin simulators) identified with both 3-hourly and daily time steps are used to assess the impact the method of spatial aggregation of rainfall and the period used for calibration. In this study, as the modelling was conducted at a sub-daily time scale, only 3 years of data were used. In addition, the NSE criteria were used to estimate behavioural simulators. As there was only a single rainfall station measuring sub-hourly rainfall, we used the data from this station to represent catchment rainfall.
Despite having high volume bias, the model for Moy was accepted based on NSE criteria for this study. Importantly, of primary interest to this numerical experiment are the relative differences in performance with varying modelling time steps.
When the behavioural simulators identified from one time step are used to simulate models with the other time step there is a notable shift of points in the model performance space. Figure 5 shows the impact of using daily basin simulators in the performance of model simuation with time steps shorter than that used for calibration, while For the basins selected in this study, the loss in performance in multi-time step simulations associated with simulators calibrated with daily data is larger than that The fact that a loss in performance is observed when behavioural simulators derived from a daily time step are used to simulate at sub-daily time steps and given that the sensitivity of model parameters also change with modelling time step, recalibration is desirable if the modelling time step is changed. An alternative to this would be to scale the parameters to suit the modelling time step.
Scaling the parameters of the HYMOD model
In tackling this problem, particularly where appropriate data time steps may not be available, the scaling of the parameters enables adjustments to be made to account for changes in the temporal aggregation of data. This facilitates the use of information from daily hydrological records in rainfall-runoff models that operate on time steps much shorter than daily. Table 3 (2)) corresponding to the compromised solution is À2.2, À2.3 and À3.2 for the α, K s and K q parameters, respectively. These parameters, which are derived based on data for the Boyne catchment were subsequently used to scale the 
CONCLUSION
This study revisits the issue related to the temporal sampling of data and the performance of a hydrological model using shown indicate that it is necessary to adjust parameters derived from daily time steps if sub-daily simulations are to be made. Furthermore, the parameter adjustment procedure is evaluated by applying such procedures during periods and in catchments other than used for calibration. 
